By pulse-labelling cells infected by adenovirus type 5 with [aH]thymidine, extraction of the DNA and equilibrium density gradient centrifugation in caesium chloride, viral and cellular DNA synthesis could be readily differentiated. In the experimental system used, cellular DNA synthesis was inhibited early in infection and virus DNA synthesis began about 2 to 3 hr later. These events were related chronologically to the production of the virus antigens. When arginine was withdrawn from the cell culture medium, the production of virus DNA and the inhibition of cellular DNA synthesis was still apparent.
INTRODUCTION
The sequence of events leading to the production of mature virus after infection of human cells with adenovirus type 5 has been followed by a number of serological techniques (Russell, Hayashi, Sanderson & Pereira, I967; Hayashi & Russell, I968) . These investigations showed that an antigen, designated P antigen, could be found early in infection and had some of the properties of the T antigens associated with infection by the oncogenic adenoviruses. Four hours after the appearance of the P antigen, fibre and hexon antigens could be detected, followed 2 hr later by the other component of the virus capsid--the penton-base antigen (Valentine & Pereira, I965) . We report here a study of the synthesis of DNA in cells infected by adenovirus in which we measured the incorporation of radioactive thymidine into virus and host cell DNA and related the incorporation chronologically to the production of antigens.
METHODS

Virus and cells.
The virus (type 5, AD75) was propagated either in HeLa cells or in a line of human embryo kidney cells (HEK) which had been cultured in Eagle's medium supplemented with xo ~o tryptose phosphate broth and Io ~ calf serum. Cells were infected in suspension by shaking with virus seed at 37 ° for 3o min., centrifuged (x 5o g, 5 min.) and plated out in medical prescription bottles. In all experiments, cells were plated at similar high cell densities (e.g. 7 x lO 6 cells in I oz bottles). Uninfected cells were similarly shaken and plated. All these operations were done at 37 ° . Virus seeds were either partially purified or were crude fluorocarbon extracts of infected cells and were titrated by techniques previously described (Russell et al. 1967) .
Preparation of DNA. Seven million cells were suspended in o'5 ml. of phosphatebuffered saline containing 1 mM-EDTA, I mi-mercaptoethanol and sodium deoxycholate added to a final concentration of I ~. After 15 min. at room temperature the viscous lysate was treated with an equal volume of o.I ~ pronase (British Drug Houses, Ltd) at 37 ° for 3o rain. This was followed by addition of I]I5th the volume of 5 ~ sodium dodecyl sulphate in 45 ~ ethanol. The mixture was shaken by hand for a few minutes and after addition of an equal volume of buffer-saturated phenol was shaken mechanically for 2o min. To the aqueous layer obtained on centrifugation (250 g, IO rain.), two volumes of ethanol were added and the resultant fibrous precipitate of DNA spooled on a glass rod and dissolved in saline-citrate buffer (O.Ol 5 Msodium citrate, o-15 M-sodium chloride pH 7"4). The DNA solution was treated with ribonuclease (Worthington Biochemicals, 50 #g./ml.) for 3o min. at 37 ° and further deproteinized by shaking for 5 min. with a mixture of chloroform+isoamyl alcohol (5o: I). After centrifugation the aqueous layer was collected, two volumes of ethanol added and the DNA spooled on a glass rod and redissolved in saline-citrate. The u.v.-absorption of this solution was measured in a Unicam SP 5oo spectrophotometer. The DNA was considered sufficiently pure for further characterization if the E~6o/E28 o > 1-8. The quantity of DNA in solution was ascertained by assuming an optical density of I-O in a light path of IO mm. to correspond to 5o/zg./ml. DNA was prepared from purified virus by heating virus at 5o ° for I o min., digesting with pronase (Russell, Valentine & Pereira, I967) and sedimenting the released DNA by centrifugation in caesium chloride of average density I-5O at IOO,OOO g for 16 hr. The above procedure ensured that virus DNA would be adequately extracted, and gave excellent recoveries of DNA.
Incorporation of [3H] thymidine. DNA synthesis in uninfected and infected cells was assessed by measuring the quantity of [3H]thymidine (a2,ooo mc/mM; Radiochemical Centre, Amersham) incorporated into extracted DNA. Cells were pulse-labelled at various times after infection for periods of I hr or { hr, by addition of the label at a concentration of 2 #c/ml. Unlabelled thymidine was then added to IO #g./ml. and the cells harvested after I hr, i.e. 'chased' for I hr. In some experiments the labelled thymidine was 'chased' with unlabelled thymidine for longer periods. The specific activity of the extracted DNA was determined by measuring the radioactivity of a sample of the DNA solution (of known concentration--assessed from u.v. absorption) spotted on to a small square of filter paper, dried and counted in a toluene-based scintillating fluid using a Packard Liquid Scintillation Spectrometer (Russell, Valentine & Pereira, 1967 ).
Samples to be tested for acid-precipitable radioactivity were also spotted on filter papers and dried. The papers were then incubated in 5 ~ trichloracetic acid at 4 ° for I hr, washed for I hr in the same solution using a magnetic stirrer, rinsed with 5 ~ trichloracetic acid in 9o ~ ethanol, and dried, and counted in a toluene-based scintillating fluid.
Separation of viral and cellular DNA. Caesium chloride equilibrium density gradient centrifugation in an angle-head rotor (Flamm, Bond & Burr, 1966 ) was used to separate virus DNA of density 1.715 (Green, 1962) 
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CsCI solution of density 1-66 (in 0"005 M-tris + HC1 pH 8"3 containing I mM-EDTA and I mM mercaptoethanol) and layered on 2.o ml. of a CsC1 solution of density 1.89 in a IO ml. polypropylene centrifuge tube. Tubes were centrifuged at 9o,ooo g for 48 hr in the MSE 5o angle-head rotor (IO × lO) at 15 °. Fractions of five drops were collected by piercing a hole in the bottom of the tube using the M.S.E. Tube Piercer. Densities were determined at representative points in the gradient by trapping one drop on the prism of an Abb6 refractometer. The relationship between density and refractive index derived by Ifft, Voet & Vinograd (I96I) was used.
Sucrose gradients. Linear sucrose gradients were made on o'oo5 M-tris + HC1 buffer, pH 7"5 containing I mM-EDTA and I mM-mercaptoethanol. Five ml. gradients were centrifuged in the MSE 5o ultracentrifuge (rotor SW 4o) and 3o ml. gradients in Spinco L ultracentrifuge (rotor SW 25). Fractions were collected by piercing the bottom of the tube or, in some cases, by using the ISCO model 18o fraction collector connected to the ISCO 220 u.v. analyser.
Withdrawal of arginine.
In some experiments the effect of withdrawal of arginine from the cell culture medium was ascertained. Techniques were similar to those described by Russell & Becker (I968) .
Chemical and enzymic procedures. Nonidet P 4o (Shell Chemicals Ltd) was used to separate nuclear and cytoplasmic fractions of cells (Borun, Scharff & Robbins, 1967) . Cells were incubated in o'5 ~o Nonidet in phosphate buffered saline (PBS) for 15 min. at o ° when 5 to IO vol. of cold o'z5 M-sucrose were added. The nuclear pellet obtained after centrifugation (5oo g for IO min.) was washed once with cold o'25 M-sucrose, resuspended in 5 ~ sucrose or PBS and stored at -7 o°.
Sodium deoxycholate and Triton X-Ioo, when used, were incubated with nuclear extracts for I5 min. at room temperature in final concentrations of o'z5 ~ and o.I ~o respectively.
Deoxyribonuclease was assayed as reported by Russell, Valentine & Pereira (I967).
Complement-fixation tests. Preparation of antisera and complement-fixation techniques were described by Russell et al. (1967) .
Cellular and nuclear extracts were obtained by sonic treatment of a suspension of cells (or nuclei) in a thin-walled glass vial for a few min. in an ultrasonic bath (Burndept Ultrasonic Cleaner).
RESULTS
Synthesis of virus and cellular DNA
The incorporation of [ZH] thymidine into the DNA's of control and infected cells was measured at various times after infection. The pulse-label was added for I hr, "chased' for a further hour, the DNA's extracted and their specific activities determined. With the system of shaking in suspension and plating as monolayers the cells exhibited a high degree of incorporation of the label as soon as they were plated out. Subsequently the incorporation was gradually reduced as the cells (which had been plated out at high density) came into contact with one another. Infected cells in the early stages of infection showed a decreased incorporation of labelled thymidine with respect to control cells (Table I) ; later, however, there was evidence of increased incorporation into the infected cells.
To distinguish the synthesis of virus and cellular DNA in infected cells, the extracted DNA was submitted to caesium chloride equilibrium density gradient centrifugation in a fixed-angle rotor. This procedure satisfactorily separated added multiplicity of 20 TCD 5e/cell and labelled for z hr at the times indicated (Fig. i) . At 6 hr all the label was incorporated into cellular DNA; by 8 hr there was possibly a small shoulder on theheavier side of the cellular peak. By IO hr this shoulder was obvious and by 12 and r 4 hr virus DNA synthesis was evidently well under way. At 25 hr the infected cells were synthesizing predominantly virus DNA; however, as the u.v. extinction curve shows, only a very small proportion of the total DNA extracted from the cells at this time was virus DNA. When a similar experiment was made with a multiplicity of 200 TCD 5e/cell it was evident that the time of appearance of the virus DNA was governed by the multiplicity of infection. Thus, in this experiment at 8 hr about 33 ~ of the label was incorporated into virus DNA and at I I hr R. MANTYJARVI AND W. C. RUSSELL most of the label was in the virus peak (Fig. 2) . Since the u.v. extinction curve had
shown that the major proportion of the DNA extracted from infected cells even at the later times was cellular then the specific activities of the cellular DNA in the infected cells at various times after infection could be calculated from the amount of the radioactivity in the cellular peak and the quantity of DNA added to the gradient. When these are expressed as a percentage of the specific activities of the DNA in uninfected cells measured at the same times it will be seen ( Fig. 2) that there is a significant decrease in incorporation of label into the cellular DNA beginning quite early in infection, in this experiment replicate unlabelled cultures were extracted at the same times and the extracts examined for complement-fixing antigens. The P antigen was first detected about 6 hr after infection, whereas the hexon and fibre antigen were not apparent until 4 hr later. These investigations demonstrated that virus DNA was being actively synthesized 2 hr before the production of the capsid antigens and that the P antigen could be detected before a substantial increase in virus DNA synthesis was observed. Assuming that there were no significant alterations in the specific activities of the intracellular thymidine pool on infection the results also indicated that the inhibition of cellular DNA synthesis was a relatively early event, being just apparent when the P antigen was first detected. Russell & Becker (I968) showed that when arginine was removed from the cell culture medium infective virus failed to mature; under these conditions all the complement-fixing antigens could be detected although the production of the capsid antigens was considerably retarded. The effect of the withdrawal of arginine on virus and cellular DNA synthesis was determined by similar methods. In cells infected for I5 hr arginine depletion decreased DNA synthesis by about 30 ~ in both infected and uninfected cells. However, on examination by density-gradient centrifugation of the DNA from infected cells, it was evident that the production of virus DNA and the inhibition of cellular DNA synthesis had still occurred. We confirmed that the production of the capsid antigens was considerably impaired on withdrawal of the amino acid (Table z) .
Effect of deprivation of arginine on cellular and viral DNA synthesis
Intermediate forms in DNA synthesis
In an attempt to detect intermediate forms of virus, such as 'cores', the fate of [3H]thymidine incorporated into cells at different times after infection was studied. A pulse of radioactive label was added for I hr to replicate cultures at 6, IO and 14 hr after infection and then 'chased' with unlabelled thymidine until the cells werre havested 27 hr after infection. After washing in PBS the cells were disrupted by sonic treatment and the extract centrifuged (9oo0 g, IO min.), the supernatant fluid filtered through a column of Sephadex G 25 (Pharmacia) and then analysed on a Io ~ to 60 ~o sucrose velocity gradient centrifuged at 55,0oo g for 90 min. Two major peaks of radioactivity were noted in the extracts of cells labelled at Io and 14 hr. In the extracts from cells pulse-labelled at 6 hr there were very few counts in the gradient (Fig. 3) , indicating that labelled cellular DNA (which would be labelled at this time) was not extracted by these procedures. The faster-sedimenting peak was characterized as mature virus both by further analysis in a caesium chloride equilibrium density gradient, when a peak of radioactivity was obtained at a density of 1.345 and byelectron microscopy. The other peak of radioactivity noted in the sucrose gradient when analysed in a similar fashion in a caesium chloride gradient had a density of I'57, indicating that the labelled DNA was attached to some other less dense material such as protein or lipid. Since virus 'cores' have a density in caesium chloride of 1.4 z and would be expected to sediment in this gradient almost as fast as mature virus (Laver Under these conditions only virus DNA was labelled. Ceils were extracted as described above and analysed on a IO ~ to 6o ~ sucrose gradient. In most of the extracts the distribution of radioactivity was similar to that seen in Fig. 3 . In the extract from cells harvested after a 'chase' of I hr there was no radioactivity in the region associated with mature virus but there was considerable radioactivity associated with the slower sedimenting peak. Significant radioactivity appeared in the virus region 2 hr after labelling and steadily increased towards the end of the experiment whereas the radioactivity of the slower sedimenting peak reached a maximum 4 hr after labelling and R.M.~NTYJa~RVI AND W. C. RUSSELL then decreased gradually. These results suggested that the labelled thymidine was first incorporated into the slower sedimenting material before incorporation I to 2 hr later into mature virus.
Effect of Nonidet on infected cells
Since adenovirus matures in the cell nucleus and all the antigens appear to accumulate there (Hayashi & Russell, 1968) an attempt was made to exclude fortuitous association of the label with cytoplasmic components by examining nuclear extracts instead of complete cell extracts. Nuclei could be readily prepared from uninfected cells by the use of nonionic detergent Nonidet P 4 o. However, treatment of infected cells with this detergent, while giving about 95 ~o of the acid precipitable radioactivity in the 'nuclear' pellet, released a large proportion of the capsid antigens into the 'cytoplasmic' fraction. When the 'nuclear' fraction was solubilized with sodium deoxycholate and the distribution of complement-fixing antigens between the' nuclear' and' cytoplasmic' fractions measured, the P antigen appeared to be associated much more firmly with newly synthesized virus DNA in the 'nuclear' fraction than the capsid antigens (Table 3) . Extracts of the 'nuclear' fraction obtained by sonic treatment had a distribution of radioactivity on sucrose density gradients similar to that of cellular extracts. HEK cells were infected at an added multiplicity of zoo TCD 50 per cell in thepresence and absence of arginine, labelled at 15 hr after infection for 1 hr, 'chased' for I hr and DNA extracted. Replicate unlabelled cultures were harvested at 15 hr and extracts tested for complement-fixing antigens. t "9 x to 6 I "3 x Io n (counts/min.) HeLa cells were infected at an added multiplicity of 200 TCD 5e/cell, pulse-labelled for I hr at I4 hr, "chased' for 4 hr and then harvested. 'Nuclear' and 'cytoplasmic' fractions were prepared using 0"5 % Nonidet P 4o. The 'nuclear' fraction was solubilized with o'25 % sodium deoxycholate and Nonidet added to a concentration of o'5 % ; sodium deoxycholate was similarly added to the cytoplasmic fraction to a concentration of o'25 % before complement fixation. 
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Heterogeneity of virus intermediates
By pulse-labelling cells I4 to I5 hr after infection at an added multiplicity of 200 TCD 5o/cell and thus labelling only the virus DNA it should be possible by analysis of the distribution of acid precipitable radioactivity in sucrose gradients, to gain some Fig. 4 . Distribution of radioactivity in sucrose gradients of 'nuclear' extracts pulse-labelled for I hr at I4 hr aftor infection, with mouse ribosomal RNA as marker. A, I ml. of 'nuclear' extract on 25 mL of Io% to 30% sucrose and centrifuged at 45,ooog for I7 hr. B, [ rnt. of 'nuclear' oxtract after treatment with o-I % Triton X on 28 ml. of 5 % to 20% sucrose arid centrifuged at 50,000 g for ]8 hr. H, Radioactivity: ..... , E26o. Radioactivity is also found in virus pellets under these conditions. idea of the various forms involved in the assembly of virus DNA into the mature virus. However, since the virus matures in the nucleus, the nucleus must first be ruptured as gently as possible. Sonic treatment appeared to be the mildest treatment and gave the most consistent results. When the 'nuclear' (or cellular) extracts thus obtained were centrifuged at low speed (5oo g, IO min.) and placed on sucrose gradients a pattern as shown in Fig. 3 (14 hr sample) was obtained. However, a considerable but variable proportion of the radioactivity (5 ~ to 3o ~o) could also be found in the slow-speed pellet. The amount of the radioactivity in the pellet could be decreased (but not eliminated) by treatment of the extracts with o'25 ~o sodium deoxycholate or o.I Triton X. (These detergents had no effect on infectious virus.) The proportion of radioactivity in the pellet could be increased by extracting in the presence of magnesium ions (> 5 mM). These findings suggested that some of the newly replicated virus DNA may have been associated with relatively large heterogeneous structures possibly containing lipid.
The slower sedimenting material noted in these sucrose gradients was characterized further. Extracts obtained by sonic treatment of' nuclei' from infected cells labelled at 15 hr and 'chased' with unlabelled thymidine for a further 4 hr and then harvested, were placed on sucrose gradients and centrifuged together with mouse ribosomal RNA as marker. A broad peak of radioactivity was found with a maximum in the 12 S region. When the sonic-treated 'nuclei' were incubated with Triton X (or sodium deoxycholate) a wide peak of radioactivity was found in the region of 3o to 5o S (Fig. 4) . The shape of this curve varied from one experiment to another, indicating considerable heterogeneity in these intermediate structures. Samples removed from 5o S and 30 S regions when examined for sensitivity to deoxyribonuclease were almost completely sensitive to the enzyme. When labelled DNA extracted from purified virus was analysed in a similar gradient in the presence of unlabelled 'nuclear' extracts there was a much narrower peak in the region of 3o S, suggesting that the heterogeneity observed was not merely the result of separated virus DNA being attached nonspecifically to membranous structures released on extraction of the nuclei.
DISCUSSION
We have attempted to relate alterations in nucleic acid metabolism of cells infected with adenovirus type 5 to other, previously described, events in the infectious process. The earliest event that can be detected in infected cells by immunological methods is the production of P antigen about 4 hr before the appearance of the capsid antigens (Russell et al. 1967; Hayashi & Russell, 1968) . Our present investigations have shown that another event occurring relatively early is inhibition of cellular DNA synthesis which becomes significant just when the P antigen is first detected. We do not know whether these two events are functionally related. A similar early inhibition of host cell DNA synthesis has been noted after infection with vaccinia virus (Joklik & Becker, 1964; Jungwirth & Launer, 1968 ) and with pseudorabies virus (Ben-Porat & Kaplan, 1965) . Since virus DNA synthesis starts about 2 to 3 hr before the production of capsid antigens and before the cellular DNA synthesis is completely shut off, there is a boost to the total DNA synthesis in the infected cells at about IO to 12 hr under these conditions. Previous studies using inhibitors also indicated that virus DNA synthesis began about 4 to 5 hr before the production of infectious virus (Wilcox & Ginsberg, 1963 ; Polasa & Green, 1965) . A stimulation of DNA synthesis in human cells infected with adenoviruses has been noted by other investigators (Green, 1959; Ginsberg & Dixon, 1961; Ledinko, 1967) . With our experimental conditions this stimulation of DNA synthesis can be ascribed entirely to virus DNA synthesis, and not to cellular DNA synthesis as occurs with some other animal viruses such as polyoma and SV 40 (Dulbecco, Hartwell & Vogt, 1965; Hatanaka & Dulbecco, 1966) . Similar results with respect to cellular DNA and virus DNA synthesis have been described by Ginsberg and his colleagues using a different method of separation of virus and cellular DNAs (Ginsberg, Bello & Levine, 1967) . It is interesting that deprivation of arginine does not significantly effect either the cellular DNA shut-off or virus DNA synthesis. Earlier investigations had shown that removal of arginine impedes the production of a later form of the P antigen (Russell & Becker, I968) and it was assumed that the arginine was necessary for the production of arginine-rich basic proteins present in the virus 'core' and presumably related to the P antigen (Russell, Laver & Sanderson, I968 ) , These basic proteins possess some of the properties of the arginine-rich histones and as such it was possible that they could regulate nucleic acid synthesis by attaching to the cellular nucleic acid in some specific manner. However, cellular DNA synthesis was impeded even when these basic components were apparently not produced.
We hoped to be able to isolate intermediate forms of the virus, perhaps as virus ' cores' from infected cells.' Cores' could not be detected (either by their characteristic density or by their sedimentation behaviour) and this may mean either that they were very rapidly converted to capsids or that they did not survive our extraction processes. It is possible, however, that the virus' cores' which can be obtained by degradation of the mature virus (Laver et al. I968; Maizel, White & Scharff, 1968) do not exist as such in the infected cell. The virus intermediate structures demonstrated were heterogeneous, varying in size from the relativelylarge form sedimented by low-speed centrifugation to the slowly sedimenting material present in sucrose gradients. These findings resemble those with vaccinia virus infection, where the replicating DNA also has been found to be associated with very large structures which dissociated at concentrations of magnesium less than 1.5 rnM (Joklik & Becker, 1964) . Although the pattern of intermediates was reasonably reproducible by our preparation procedures their real nature is difficult to assess. A necessary step in preparation was the breaking of cell nuclei, and although this was done by gentle sonic treatment, artifactual split structures may have been produced. On the other hand, unspecific aggregation after breakage of the nuclei might have resulted in large formations not present in intact cells.
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